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native and exotic mixtures in the experiment, implying that 
differences in c3:c4 proportions along the latitudinal gradi-
ent are caused partially by species themselves. Our results 
indicate that the replacement of native- by exotic-domi-
nated grasslands has created a management tradeoff (high 
diversity versus high levels of certain ecosystem services) 
and that models of global change impacts and c3/c4 distri-
bution should consider effects of exotic species.
Keywords exotic species · Invasive species · c3 
photosynthesis · c4 photosynthesis · c4:c3 proportions
Introduction
human alteration of ecosystems is causing exotic-domi-
nated plant communities, consisting of recently assembled 
non-native species with potentially novel ecological inter-
actions, to persist on nearly one-third of the earth’s ter-
restrial surface (hobbs et al. 2006; Kulmatiski 2006; ellis 
2011; Wilsey et al. 2011). community- and ecosystem-level 
Abstract human activities have caused non-native 
plant species with novel ecological interactions to persist 
on landscapes, and it remains controversial whether these 
species alter multiple aspects of communities and ecosys-
tems. We tested whether native and exotic grasslands differ 
in species diversity, ecosystem services, and an important 
aspect of functional diversity (c3:c4 proportions) by sam-
pling 42 sites along a latitudinal gradient and conducting 
a controlled experiment. exotic-dominated grasslands had 
drastically lower plant diversity and slightly higher tissue 
n concentrations and forage quality compared to native-
dominated sites. exotic sites were strongly dominated by 
c4 species at southern and c3 species at northern latitudes 
with a sharp transition at 36–38°, whereas native sites con-
tained c3:c4 mixtures. large differences in c3:c4 propor-
tions and temporal niche partitioning were found between 
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consequences of single exotic species invasions have been 
well studied (e.g., Vitousek 1990; levine et al. 2003; Vilà 
et al. 2011; Pyšek et al. 2012). For example, Vilà et al. 
(2011) concluded from their meta-analysis that on aver-
age, single exotic species invasions result in decreased 
plant diversity, but that ecosystem processes can increase, 
decrease, or remain unchanged. In many systems, however, 
multiple species have been introduced, and they could have 
greater collective impacts than would be supposed from 
studying individual species.
The impacts of multiple interacting exotic species on 
community and ecosystem processes have only recently 
been considered (e.g., Wilsey et al. 2009, 2011; Mascaro 
et al. 2012). Wilsey et al. (2009, 2011) and Isbell and Wil-
sey (2011a) found in common garden experiments that 
diversity declined to a lower level in exotic-species com-
munities than paired native communities. This decline did 
not consistently lead to reduced biomass production (Wil-
sey et al. 2011; Isbell and Wilsey 2011b). Multiple species 
invasions in forests of hawaii, however, have resulted in 
more diverse exotic-dominated sites with increased produc-
tivity compared to native-dominated sites (Mascaro et al. 
2012). Thus, over broad spatial scales, where identities and 
abundances of multiple exotics vary across landscapes, the 
effects of many exotic species could accumulate to have 
community- and ecosystem-level effects that are important 
to biodiversity conservation, ecosystem functioning, and 
management of ecosystem services.
Functional diversity of plant communities is an impor-
tant index of ecosystem functioning. For example, plant 
species with the c3 versus c4 mode of photosynthesis dif-
fer in many ways, including temperature growth optima, 
water and n use efficiency, and c uptake, all of which can 
greatly affect element cycling and seasonal patterns of 
maximum growth (e.g., Teeri and stowe 1976; Ode et al. 
1980; Monson and Williams 1982; Tieszen et al. 1997; 
sage and Monson 1999). having a mixture of c3 and c4 
species is an important functional aspect of diverse com-
munities that often accounts for increased productivity 
with richness (Tilman et al. 1997). The proportion of c4 
species in the community can alter other community-
level traits such as tissue c:n ratios (sage and Monson 
1999) which influence decomposition rates and the timing 
of growth to affect higher trophic levels. Information on 
c3:c4 proportions also is important to predictions of cli-
mate change effects on community structure. For exam-
ple, simulation models based on the correlation between 
climate and c3 and c4 abundances in native-dominated 
communities predict that warming will favor c4 over c3 
grass species in rangelands of north and south amer-
ica (epstein et al. 2002). The proportion of c3 biomass 
increases linearly with latitude in native-dominated sys-
tems (e.g., epstein et al. 1997), but it is largely unknown 
how this relationship changes in the now more common 
situation of exotic species dominance.
here, we extend earlier work to test for differences in 
diversity, including an important aspect of functional diver-
sity (c3:c4 proportions), and relationships between diver-
sity and ecosystem services between exotic- and native-
dominated grasslands. We tested for differences along a 
latitudinal gradient and in an ongoing companion experi-
ment. The long-term, controlled experiment (see Wilsey 
et al. 2009, 2011) allowed us to test whether any differ-
ences in functional diversity could be at least partially due 
to species themselves rather than to co-varying factors. We 
measured multiple aspects of communities and ecosys-
tems that are considered to be important to diversity and 
ecosystem services (“the benefits people receive from eco-
systems”) in grasslands and rangelands (e.g., Millennium 
ecosystem assessment 2005; Doll et al. 2009; Potts et al. 
2010; Isbell et al. 2011). We sampled plant species richness 
and diversity, c3:c4 proportions, aboveground net primary 
productivity (anPP), multiple aspects of forage quality to 
herbivores including n concentration, and potential polli-
nator (bee) abundances, richness, and diversity at all native 
and exotic sites (e.g., Millennium ecosystem assessment 
et al. 2005; Doll et al. 2009; Potts et al. 2010). We hereafter 
refer to plant diversity and all other measures collectively 
as “diversity and ecosystem services” for simplicity. This is 
because, although not all of these measures are direct meas-
ures of final ecosystem services (e.g., Mace et al. 2012), the 
ability to simultaneously manage all of these measures at 
high levels would be desirable for meeting goals of bio-
diversity conservation and provisioning of ecosystem ser-
vices (Daily 1997; nelson et al. 2009; Zaveleta et al. 2010, 
Isbell et al. 2011; Mace et al. 2012).
Trade-offs among management decisions could occur 
if exotic-dominated systems have lower levels of plant 
diversity or some ecosystem services but higher levels of 
others compared to native systems (Tallis et al. 2008; nel-
son et al. 2009). specifically, we tested whether (1) plant 
diversity was lower and c3:c4 proportions differed in 
exotic than native grasslands across the latitudinal gradi-
ent, and (2) whether any differences in diversity between 
native and exotic grasslands were associated with differ-
ences in the ecosystem services. We predicted that diver-
sity would be lower in exotic-dominated systems, consist-
ent with the decline in diversity observed in experimental 
communities of exotic compared to native species (Wilsey 
et al. 2009, 2011; Isbell and Wilsey 2011a), and that diver-
sity declines would be associated with an increase in pro-
ductivity and, possibly, other ecosystem service levels that 
could lead to management trade-offs (rout and callaway 
2009). For example, most exotic plant species of grasslands 
were intentionally introduced by humans, often in order to 
increase forage production and quality for livestock (Mack 
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and lonsdale 2001). consequently, ecosystems may be 
impacted according to the species traits involved with their 
introduction (liao et al. 2008; van Kleunen et al. 2010). 
Finally, we used data from experimental communities to 
test the prediction that exotic species themselves (and not 
co-varying factors) alter functional diversity.
Materials and methods
latitudinal gradient
Site selection
 We sampled 21 native- and 21 exotic-dominated (n = 21) 
grasslands of differing species composition from Minne-
sota to central Texas throughout the tallgrass prairie region, 
Usa in 2010 and 2011. sites were owned by a variety of 
private or public organizations. Point-intercept sampling 
of random locations within each site (described below) 
confirmed that all selected grasslands were either exotic 
or native dominated (see “results”). native and exotic 
sites had various land-use histories such as previous hay-
ing, grazing, or burning. no exotic sites were purposefully 
being managed for high exotic proportions to our knowl-
edge. native sites were never plowed, while exotic sites 
were previously plowed, previously unplowed but invaded, 
or owners/managers were uncertain of long-term land-use 
histories. To minimize impacts of uncontrolled variables 
on native-exotic comparisons, we used the following crite-
ria for selecting sites. sites were included if: (1) they were 
dominated by native or exotic species; (2) for each native 
site, an exotic-dominated site was in the same geologic 
region and was located at approximately the same latitude; 
(3) the site was not plowed within the last 7 years (for exot-
ics only, natives were never plowed); (4) sites were not 
grazed or hayed the year of sampling. Other possible native 
grassland sites were excluded from our study if we could 
not locate an exotic match based on area or other factors 
mentioned above. sites were constrained longitudinally to 
enable comparisons across latitude and one exotic and one 
native site was sampled per day. exotic and native sites at 
a given latitude were separated by 0.6- to 26-km distance 
(mean 8 km) and sites ranged in size from 1.4 to 17.6 ha 
(mean 6.5 ha) and 1.1–55.8 ha (mean 11 ha), respectively.
Diversity and ecosystem services
 We measured variables that are important to diversity and 
ecosystem services in grasslands and rangelands, includ-
ing plant species richness and diversity (Mace et al. 2012), 
c3:c4 proportions, aboveground productivity, multiple 
aspects of forage quality, and bee (i.e., potential pollinator) 
abundances, species richness, and diversity (Millennium 
ecosystem assessment et al. 2005). sampling took place at 
peak biomass for native grasslands in the area. Plant spe-
cies abundances at each site were sampled using a point-
intercept method, results of which are highly correlated 
with biomass [mean r2 across 35 species = 0.89, in Wil-
sey et al. (2011) experiment]. Thus, all relative abundance 
data are considered to be relative biomass estimates. The 
method consisted of dropping 1-m-long pins perpendicu-
lar to the ground at each outside corner of a 20 × 50-cm 
frame in 25 randomly sampled locations (totaling 100 pin 
drops per site), and counting the number of pin hits per 
species. species were designated as either native or exotic 
using national references when possible (49 % of species) 
(Flora of north america 1993), and regional references for 
the rest (Great Plains Flora association 1986; Gleason and 
cronquist 1991; eilers and roosa 1994; Diggs et al. 1999; 
yatskievych 2006). We were unable to identify 3 % of spe-
cies to c3 or c4 status and 5 % of species to native or exotic 
status based on the available plant material, and these were 
removed from proportion c3 and proportion exotic vari-
ables, respectively. species within the genera Carex and 
Melilotus were combined due to difficulty of verifying spe-
cies in the field. Proportion of exotic biomass at each site 
was calculated as the number of exotic species hits divided 
by total number of hits.
Diversity and ecosystem services were measured at 
each site and multiple samples were averaged within sites 
(the unit of observation) to avoid pseudoreplication. spe-
cies richness was measured as the total number of spe-
cies hit by pins at each site, and simpson’s diversity (1/D) 
was estimated by aggregating all point-intercept data into 
one site-level measurement. Peak aboveground biomass 
(g/m2) was sampled by clipping five randomly placed 
20 × 50-cm quadrats, drying plant material at 65 °c for 
48 h and weighing dried biomass. live and standing dead 
material was combined in each quadrat to obtain an esti-
mate of net primary productivity. standing dead was 
assumed to be produced during the current growing season, 
so by adding it to peak biomass, we were able to come up 
with a more complete estimate of nPP than peak biomass 
alone (scurlock et al. 2002). Forage quality was assessed 
by measuring c:n ratios, crude protein (n × 6.25), and 
two different aspects of digestibility from subsamples of 
dried, green biomass from clipped plots. c and n content 
was measured by homogenizing green biomass from each 
plot, grinding 2 g of a random subsample from each plot 
using a model 2601 Pica blender Mill (cianflone scientific 
Instruments, Pittsburgh, Pa), weighing 15–20 mg of each 
ground sample using an Orion cahn c-33 microbalance 
(Thermo electron, beverly, Ma), and analyzing the sub-
sample of ground material using a Flash ea 1112 elemen-
tal analyzer (Thermo Finnigan Italia, rodano, Italy) with 
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atropine as standards. Digestibility was assessed by meas-
uring acid detergent fiber (aDF), which measures relative 
cellulose and lignin content of plant material (sensenig 
et al. 2010) and neutral detergent fiber (nDF), which meas-
ures aDF plus hemicellulose. subsamples from two ran-
domly selected biomass plots from each site were sent to 
agsource laboratories, bonduel, Wisconsin, for digestibil-
ity analyses. all digestibility estimates are expressed on a 
100 % dry matter basis. Proportion of c3 biomass per site 
was assessed by dividing the number of c3 hits by the total 
number of hits. species were designated as c3 or c4 using 
Waller and lewis (1979) and sage and Monson (1999).
bees were sampled at each site using a pan trapping 
technique, where eight each of blue, white, and yellow 
3.25-oz. solo brand cups (24 total) were randomly placed 
in an opening in the canopy 5 m apart in a 120-m-long 
straight transect in the middle of each site and filled with 
a mixture of water and Dawn dish soap (Westphal et al. 
2008). blue and yellow pan traps were painted with a mix-
ture of blue or yellow fluorescent paint and silica Flat Paint 
(Guerra Paint and Pigment, new york). average and total 
number of hours pan traps were deployed in native and 
exotic sites were comparable (mean 6.5 h in native and 
6.7 h in exotic, total 136 h in native and 140 h in exotic). 
bees were sampled at one native and one exotic site dur-
ing each day to eliminate biases associated with weather 
conditions. all specimens were stored in 70 % ethanol, and 
were then dried, pinned, and identified to the lowest taxo-
nomic level possible using the Discover life key (ascher 
and Pickering 2012) or to morphospecies if species iden-
tification was not possible. some species from the genus 
Lasioglossum were potentially combined within sites if 
morphospecies could not be identified. all bees captured 
at a site were combined to generate one site-level estimate. 
bee abundances were the number of total bees captured at a 
site, taxonomic richness was the number of taxa identified 
at a site, and taxonomic diversity was estimated using 1/D 
at each site.
Soil and topography covariates
 although there were variables such as historical grazing 
intensity that we were unable to take into account statisti-
cally, we did test whether results changed after taking into 
account soil variables. soil variables included percent sand, 
silt, and clay, soil ph, percent slope, and cation exchange 
capacity (cec), estimated using the ssUrGO soils Data-
base (ssUrGO 2012). each soil variable in our analysis 
represents an area-weighted average for the site calculated 
by multiplying values for each soil type (i.e., ssUrGO 
soil Map Unit, data extracted using soil Data Viewer 6.0 
in arcGIs 10) by the proportion of the site area occupied 
by the soil type. These values were then averaged to obtain 
one site value per soil variable. Data were missing for 
one site, so 10-cm soil cores were taken in each biomass 
plot, homogenized, and analyzed for soil texture instead. 
because values of some soil variables were correlated, 
we conducted a principal components analysis on all soil 
variables and used the principal component scores from 
the first two axes, which explained 74 % of the variation in 
soils, as covariates in analyses. Percent clay and cec were 
highly correlated with each other and negatively correlated 
with percent sand on the first axis, and percent slope and 
percent silt loaded heavily on the second axis. We tested 
whether soil variables differed between native and exotic 
sites by using the first and second principal component 
axes as covariates in all analyses of covariance (ancOVa) 
and multivariate ancOVa (MancOVa).
statistical analyses
 We used MancOVa and ancOVa to assess whether 
exotic sites differed from native sites (n = 21). response 
variables in the MancOVa included plant diversity, 
plant species richness, net primary productivity, aDF, 
nDF, crude protein, and c:n ratios. explanatory variables 
included the first and second soil principal component 
scores as covariates, as well as latitude, origin and latitude 
by origin interactions. Multivariate data did not deviate 
from multivariate normal (W = 0.98, P = 0.59). We then 
tested for management tradeoffs by comparing the signs of 
percent change for measured variables between native and 
exotic grasslands (Tallis et al. 2008). site area was added 
as an additional covariate to the univariate test of differ-
ences in plant species richness between exotic and native 
sites. Data were ln transformed when necessary to improve 
normality (c:n ratios) in both multivariate and univariate 
analysis. all analyses were conducted in sas 9.2 using the 
Proc GlM procedure and type I ss, and significance was 
assigned at the α = 0.05 level (littell et al. 2004). Untrans-
formed least-squared means are reported, and percentage 
change was measured between native and exotic grassland 
means. since plant material with higher values of aDF is 
less digestible, and plant material with higher values of 
nDF occupies more space in the rumen, thus lowering 
dry matter intake of cattle, we calculated percent change 
in digestibility and dry matter intake as percent change in 
aDF and nDF, respectively, multiplied by −1 in order to 
represent an increase in those variables in exotic-dominated 
sites. We fit a linear regression and a logistic, four-param-
eter regression to the relationship between latitude and 
proportion of c3 biomass for native- and exotic-dominated 
sites, respectively.
bee variables were analyzed separately due to higher 
numbers of zero and singleton values and high variability 
relative to means. bee variables can exhibit high variability 
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among sampling dates, with lower numbers of bees found 
early and late in the growing season due to lower floral 
resources. To account for variability associated with sam-
pling date of pollinators, we included linear and quadratic 
Julian day (sampling day) terms as additional covariates 
in pollinator analyses. We used PrOc GenMOD in sas 
9.2 to analyze the bee abundance and richness data with a 
generalized linear model using a negative binomial error 
distribution and log-link function (Winfree and Kremen 
2009), and the same explanatory variables as the other 
tests. simpson’s diversity could not be calculated for sites 
with zero values, which reduced the number of sites by 12 
(exotic n = 18, native n = 12) for analysis of bee diversity. 
bee diversity was then analyzed using a generalized linear 
model in PrOc GenMOD with a Poisson distribution and 
the log-link function. Untransformed least-squared means 
are reported.
experiment
any differences in species and functional diversity or eco-
system services between native and exotic grasslands along 
the latitudinal gradient could result from variation in envi-
ronmental factors not accounted for by covariates in analy-
sis, or from variation among species themselves (species 
identity or interactions). We tested for the potential contri-
butions of species identities/interactions to native–exotic 
differences in functional diversity (c3:c4 proportions) 
using data from an ongoing experiment with all native and 
all exotic communities grown under a common environ-
ment in Temple, Texas (Maintenance of exotic vs. native 
Diversity experiment) (Wilsey et al. 2011). We interpret 
data of no difference in c3:c4 proportion between experi-
mental communities of native vs. exotic species as evi-
dence that native/exotic differences in functional diversity 
along the latitudinal gradient resulted from environmental 
differences alone. alternatively, we interpret differences 
in c3:c4 proportion between experimental communities of 
exotic and native species as evidence that native/exotic dif-
ferences in functional diversity along the latitudinal gradi-
ent resulted partly from species themselves.
For the experiment, we established 64 mixtures using 
equal-sized transplants (biomass P > 0.1 g at planting) 
planted into 1 × 1-m plots in two blocks in October 2007 
or March 2008. Plots were assigned to have either all native 
or all exotic (origin) species crossed with summer irriga-
tion (128 mm from 15 July to 15 august of each year vs. 
no irrigation; ambient precipitation was not excluded from 
any of the plots) treatments using a factorial treatment 
arrangement. each mixture was planted with 72 equal-
sized plants of nine species with identical functional group 
proportions (i.e., ten plants of each of four c4 grass spe-
cies, eight of one c3 grass, and six of three c3 forbs and 
one c3 legume), and species diversity (Online resource 2; 
see Wilsey et al. 2011 for more details). Functional group 
proportions were designed to match native dominated sites 
in the area. native–exotic plots were established so that 
species were paired phylogenetically and by growth form 
using a species pool of 18 native and 18 exotic species 
(Online resource 2, all species were perennials). Thus, for 
every native plot, a plot of phylogenetically paired exotic 
species was established that was initially equivalent in spe-
cies richness, diversity and proportion of c3 biomass. This 
allowed us to test whether native and exotic communities 
diverged over time under equivalent environmental condi-
tions, which would be consistent with the hypothesis that 
species can drive differences. species composition within 
each treatment was replicated by using random draws of 
species (four draws within each of the two temporal blocks) 
to increase generality. There were two replicates of each 
draw per treatment, for a total of 2 origin × 2 irrigation × 4 
draws × 2 blocks × 2 replicates = 64 in total. Irrigation 
treatments were designed to add 10–15 % extra precipita-
tion in the summer to mimic predictions of global climate 
models (Wilsey et al. 2011). Proportion of c3 biomass was 
estimated in June (except 2011) and October of each year 
using a point-intercept method and abundance values were 
converted to biomass estimates with regression equations. 
species diversity was previously found to decline in exotic-
dominated experimental communities (Wilsey et al. 2009, 
2011). see Wilsey et al. (2011) for further details.
statistical analysis
We analyzed the proportion of c3 biomass with mixed 
model repeated measures anOVa (PrOc MIXeD in sas) 
and type III ss (littell et al. 2004). Origin and irrigation 
were fixed effects, and draw was considered a random term 
nested within block. repeated measures used an ar(1) 
covariance structure. Proportion c3 biomass was logit 
[log(y/1−y)] transformed before analysis, with the mini-
mum value added to the numerator and denominator.
Results
We found management tradeoffs between plant spe-
cies diversity and ecosystem services (Tallis et al. 2008), 
wherein exotic-dominated grasslands had much lower lev-
els of diversity but higher or similar levels of ecosystem 
services (Fig. 1a; Table 1). Point-intercept sampling con-
firmed the native–exotic status of grasslands: native sites 
ranged from 0 to 30 % exotic biomass and exotic sites 
ranged from 68 to 100 % exotic biomass. We found that 
exotic- and native-dominated grasslands differed in diver-
sity and multiple ecosystem services [MancOVa, origin, 
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Wilk’s lambda (W) = 0.16, F7,30 = 22.05, P < 0.001; ori-
gin × latitude, W = 0.69, F7,30 = 1.91, P = 0.1]. Tests 
for soil differences between exotic and native grass-
lands confirmed that soil and topography did not differ 
between grassland types [MancOVa, origin, Wilk’s 
lambda (W) = 0.95, F2,37 = 0.89, P = 0.42; origin × lati-
tude, W = 0.99, F2,37 = 0.20, P = 0.82]. Thus, the dif-
ferences between native and exotic sites were highly 
significant whether or not soil variables were included 
as covariates. Overall, a slightly higher level of tissue n 
concentration and forage quality was countered by drasti-
cally lower levels of plant species richness and diversity 
in exotic grasslands (exotic vs. native means ± 1 seM, 
plant richness 13.2 ± 1.4 vs. 30.8 ± 1.4 species; plant 
diversity 2.5 ± 0.4 vs. 6.8 ± 0.4; crude protein 7.3 ± 0.3 
vs. 6.2 ± 0.3 %; c:n 39.6 ± 2.2 vs. 44.8 ± 2.2; aDF 
38.1 ± 0.7 vs. 40.2 ± 0.7 %; nDF 60.7 ± 1.0 vs. 
62.8 ± 1.0 %) (Fig. 1a). richness significantly increased 
with grassland area (Table 1). anPP differences between 
native- and exotic-dominated systems changed with lati-
tude despite no difference overall (means, nPP exotic 
733.1 ± 54.9, native 721.7 ± 54.9 g m−2 year−1) (Fig. 1a, 
b; Table 1). no significant differences in potential polli-
nator variables were detected despite higher averages in 
native sites (exotic vs. native means ± 1 seM, bee abun-
dance 4.3 ± 4.1 vs. 10.9 ± 4.1 bees; richness 1.9 ± 0.6 
vs. 2.4 species ± 0.6; diversity 1.9 ± 0.3 vs. 2.2 ± 0.3) 
(Fig. 1a; Table 2).
We found profoundly different proportions of c3 and 
c4 biomass between native and exotic grasslands across 
the latitudinal gradient and in the experiment although 
species diversity was related to proportion of c3 biomass 
(Online resource 1), native/exotic differences in pro-
portion c3 biomass across the gradient were significant 
regardless of whether or not linear and quadratic species 
diversity terms were included as covariates in ancOVa 
(latitude × origin F1,35 = 12.6, P = 0.001 with diversity; 
F1,36 = 12.4, P = 0.001 without diversity as covariates). 
The proportion of c3 biomass increased linearly with lati-
tude across native sites as expected [r2 = 0.29, P = 0.01, 
y = −0.20 + 0.02(latitude)] (Fig. 2). however, exotic 
sites were better modeled with a logistic rather than linear 
regression, with strong dominance by c4 species biomass at 
southern latitudes, and c3 species biomass at northern lati-
tudes with a sharp transition at 36–38° (logistic regression, 
P < 0.001, y = 0.06 + {0.91/[1 + (latitude/37.3)−78.8]}) 
when two c3-dominated sites at ~33° latitude were removed 
(P < 0.001, y = 0.26 + {0.69/[1 + (latitude/37.5)−108.6]} 
when those points were not removed) (Fig. 2). The fit 
(r2-values) for exotic sites went from 0.77 with linear 
regression to 0.95 with logistic regression (0.59 to 0.68 
when outliers were not removed).
Proportion of biomass from c3 species dropped to much 
lower levels in experimental communities established 
as all exotic compared to all native species (Fig. 3). The 
lower proportion of c3 species biomass in experimental 
exotic communities is consistent with field results at this 
latitude (Fig. 2). native communities had significantly 
higher proportions of c3 biomass than exotic communi-
ties on all sampling dates (origin, F1,7 = 68.5, P < 0.001, 
n = 32), and differences were larger during the June 
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Fig. 1  Diversity and ecosystem services in exotic- and native-dom-
inated grasslands. a Percent change in means of diversity and mul-
tiple ecosystem services from native-dominated to exotic-dominated 
grassland across a latitudinal gradient in the tallgrass prairie region, 
Usa (n = 21). The line at zero represents no difference; bars above 
zero represent an increase and bars below zero represent a decrease 
in a particular service in exotic- compared to native-dominated grass-
lands. significant differences between native and exotic conditions 
are denoted by asterisks (**P < 0.001, *P < 0.05). b aboveground 
net primary productivity (ANPP; biomass + standing dead) was 
higher in exotic grasslands at lower latitudes and lower in exotic sites 
at higher latitudes [exotic (closed circles, solid line); native (open 
circles, dashed line)] (origin × latitude interaction, F1,36 = 4.06, 
P = 0.05, n = 21)
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sampling periods (time × origin, F7,450 = 18.8, P < 0.001). 
Thus, the difference between exotic and native communi-
ties was greatest during sampling dates early in the grow-
ing season when c3 species were most prominent. In 
native communities, there was a seasonal shift between c3 
and c4 species dominance, indicative of temporal niche 
partitioning (Fig. 3; also see Wilsey et al. 2011). This 
seasonal c3–c4 shift was missing in exotic communities, 
which showed a decline and then a relatively flat level of 
c3 biomass. Irrigation did not significantly alter c3 propor-
tions (irrigation F1,7 = 1.0, P = 0. 34, irrigation × time, 
F7,450 = 0.7, P = 0.64), nor did it interact with origin 
(irrigation × origin, F1,7 = 3.4, P = 0.11, irrigation × ori-
gin × time, F7,450 = 0.85, P = 0.55).
Discussion
ecosystem-level impacts of novel ecosystems have rarely 
been assessed at broad scales (but see Mascaro et al. 
2012). Our results indicate that replacement of native- by 
Table 1  analysis of covariance results (F/P-values) for tests of differences between native and exotic sites and interactions with latitude for 
each ecosystem service
Principal component 1 (PC1) and Pc2 covariates are the first and second Pc axes explaining 74 % of the variation in soil and topography across 
sites. area (in parenthesis) was used as a covariate only for plant species richness; all other analyses did not include area as a covariate. Values 
significant at the α ≤ 0.05 level are in italic
 NPP net primary productivity, ANPP aboveground nPP, ADF acid detergent fiber, NDF neutral detergent fiber
a
 Plant richness error df = 35; all other error df = 36
source df nPP Plant diversity Forage quality
anPP simpson’s diversity richness c:n crude protein aDF nDF
Pc1 1 2.0/0.17 1.5/0.23 2.3/0.14 1.1/0.31 1.1/0.30 1.8/0.19 0.8/0.38
Pc2 1 0.1/0.82 4.9/0.03 15.9/<0.01 1.1/0.29 1.7/0.20 2.6/0.11 0.8/0.38
(area) (1) 12.7/<0.01
latitude 1 0.8/0.39 0.5/0.47 0.17/0.69 0.7/0.42 0.0/0.84 0.3/0.60 8.7/<0.01
Origin 1 0.0/0.9 52.5/<0.01 67.5/<0.01 5.2/0.03 6.1/0.02 4.9/0.03 2.0/0.16
latitude × origin 1 4.1/0.05 0.01/0.92 3.1/0.09 2.7/0.11 2.2/0.15 0.3/0.59 4.7/0.04
error 36 (35a)
Table 2  Generalized linear model results (χ2/P-values) for tests of 
differences between native and exotic sites and interactions with lati-
tude for potential pollinator (bee) variables
Pc1 and Pc2 covariates represent the first and second Pc axes 
explaining 74 % of the variation in soil and topography across sites. 
Julian day represents sampling day of the year. Values significant at 
the α ≤ 0.05 level are in italic
a
 Diversity error df = 22; all other error df = 34
source df abundance simpson’s 
diversity
richness
Pc1 1 3.1/0.08 3.3/0.07 3.3/0.07
Pc2 1 0.5/0.48 5.8/0.02 5.1/0.02
Julian day 1 0.0/0.98 0.1/0.81 1.2/0.27
Julian day 
quadratic
1 7.6/0.01 0.0/0.95 2.7/0.10
latitude 1 6.1/0.01 0.1/0.82 0.2/0.65
Origin 1 0.1/0.72 0.5/0.49 0.0/0.84
latitude ×  
Origin
1 2.1/0.15 0.7/0.41 2.4/0.11
error 34 (22a)
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Fig. 2  Proportion of aboveground biomass from plants with the c3 
mode of photosynthesis (1-c4 biomass) in exotic- (closed circles, 
solid line) and native-dominated (open circles, dashed line) grass-
lands across a latitudinal gradient in the tallgrass prairie region, Usa. 
Proportion of c3 biomass increased linearly across native-dominated 
sites [r2 = 0.29, P = 0.01, y = −0.20 + 0.02(latitude)]. exotic 
sites exhibited very strong c4 dominance at southern latitudes, and 
very strong c3 dominance at northern latitudes (logistic regression, 
r2 = 0.95, P < 0.001, y = 0.06 + {0.91/[1 + (latitude/37.3)−78.8]} 
when two c3-dominated sites at ~33° latitude were removed; 
r2 = 0.68, P < 0.001 when those points were not removed)
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exotic-dominated systems in the tallgrass prairie region 
of the U.s. is associated with a tradeoff in the relationship 
between species diversity and ecosystem services, with 
lower diversity but enhanced or similar ecosystem services 
in exotic sites. The altered latitudinal gradient in c3/c4 pro-
portions in exotic grasslands also implies a shift in func-
tional diversity. although sites had varying legacy effects 
that are not fully controlled in an observational study, 
results imply that exotic grasslands did not have consist-
ently lower productivities and had enhanced tissue n and 
forage quality, presumably qualities for which many exotic 
species were selected on introduction (Mack and lonsdale 
2001). This occurred despite lower species and functional 
diversity in exotic grasslands. We were unable to test for dif-
ferences in attributes of all ecosystem services in the experi-
ment due to small plot sizes [but see Wilsey et al. (2011) 
for diversity-productivity relationships], but when environ-
mental effects were controlled in the experiment, exotic 
communities exhibited vastly altered c3/c4 proportions (this 
study) and reduced complementarity and temporal niche 
partitioning (Wilsey et al. 2009, 2011). strong dominance 
by species with a single photosynthetic type greatly reduced 
the amount of species turnover observed within the grow-
ing season in exotic communities. Thus, our experimental 
results are consistent with the view that the differences in 
c3:c4 proportions observed between native and exotic grass-
lands are at least partially caused by species themselves (see 
also Isbell and Wilsey 2011b; Wilsey et al. 2011).
Plant species richness and diversity were consistently 
lower in exotic-dominated sites across the latitudinal gra-
dient, but productivity was not. These results emphasize 
two important points. First, previous analyses found that 
adding exotic species increased species diversity at broad 
scales (e.g., ellis et al. 2012), but even with an additional 
40 exotic species, site-level grassland richness and diversity 
were 57 and 63 % lower, respectively, in exotic than native 
sites. Diversity and richness also were 46 and 35 % lower in 
exotic than native experimental communities at low latitude 
(Wilsey et al. 2011) and richness was 15 % lower in exotic 
communities at high latitudes (Isbell and Wilsey 2011a), 
consistent with the trend observed along the latitudinal 
gradient. highly diverse native grasslands therefore have 
been replaced by exotic grasslands dominated by fewer spe-
cies and, hence, with lower species evenness (Wilsey et al. 
2005). second, reduced richness in exotic grasslands did 
not consistently lead to reductions in primary productivity 
at the spatial scale of measurements (but see chalcraft et al. 
2004), contrary to the prediction from biodiversity-eco-
system functioning theory (hooper et al. 2005; Isbell et al. 
2011; Mascaro et al. 2012). If dominant exotic species that 
are especially productive overyield in species mixtures, then 
diversity declines due to exotics may not be associated with 
productivity declines (Wilsey et al. 2009).
Our results contrast those from a study of tropical for-
ests in hawaii, and may be dependent on the types and 
number of ecosystem services that we measured. Mas-
caro et al. (2012) found that both local diversity and pri-
mary productivity were higher in exotic-dominated forests. 
The consistent trend between our study and that of Mas-
caro et al. (2012) is that diversity differed between native 
and novel systems, albeit in a different direction. Zavaleta 
et al. (2010) and Isbell et al. (2011) found that including 
a greater number of ecosystem measures and environmen-
tal contexts increased the proportion of species that were 
deemed to be significant, so we may have found a greater 
number of trade-offs had we utilized a larger number of 
ecosystem services. There are also several ecosystem ser-
vices that remain to be fully explored. Insect herbivores 
and predators (Tallamy et al. 2010) as well as other animals 
in addition to bees should be compared between native and 
exotic grasslands in future studies.
We expected that native-dominated grasslands would 
have higher abundances and diversity of bee pollinators, 
but this trend was not significant. We hypothesize that 
either (1) perennial grasslands in general are important 
habitats to bees (Morandin et al. 2007); (2) bee species 
turnover is great during a season, which limited our abil-
ity to detect differences; (3) soils (i.e., covariates) are bet-
ter predictors of bees than exotic-native status (Table 2); or 
(4) overwhelming trends in pollinator declines across broad 
scales in highly fragmented landscapes such as the tallgrass 
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Fig. 3  Proportion of aboveground biomass from plants with the c3 
mode of photosynthesis in experimental plots in central Texas over 
five growing seasons. sampling was conducted in June (J) and Octo-
ber (O) of each year, but not in June 2011. Plots were planted with 
equal-sized transplants with either all native or all exotic perennial 
species using a paired-species approach, and plots were irrigated in 
the summer (128 mm) to mimic altered climate or were exposed to 
ambient precipitation [exotic irrigated (closed circles), exotic non-
irrigated (open circles), native irrigated (closed triangles), native non-
irrigated (open triangles)]
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prairie (samson and Knopf 1994) have limited detectability 
of differences between native and exotic sites.
Perhaps the most significant finding from this study is 
that the replacement of native- by exotic-dominated grass-
lands strongly impacted an important measure of functional 
diversity—the proportion of c3 and c4 species biomass. 
Our experimental results imply that differences in c3:c4 
proportions seen in the latitudinal study could at least par-
tially be caused by exotic species themselves rather than by 
unaccounted for co-varying factors (e.g., disturbances or 
fertility levels). Thus, our results imply that native–exotic 
status can contribute to differences in c3:c4 proportions 
beyond environmental and topographic differences found in 
other studies (e.g., barnes et al. 1983). The large decrease 
in contribution of c3 species to experimental exotic com-
munities resulted from strong dominance by c4 grass spe-
cies. The strong dominance by either c3 or c4 species in 
exotic grasslands in the latitudinal study implies that, like 
the experimental communities, exotic communities may 
lack functional diversity and complementary resource use 
that underlies diversity-productivity and diversity-stability 
relationships (Wilsey et al. 2009; Isbell et al. 2011; Martin 
et al., unpublished data). The extremely strong dominance 
by a single photosynthetic type and the sharp transition in 
dominant photosynthetic mode that we observed in exotic 
communities has not been previously documented along a 
latitudinal gradient [but see rundel (1978) for a shift along 
an elevational gradient]. One explanation for the transition 
could be that there were large differences in c3/c4 status 
of species that were introduced at lower versus higher lati-
tudes. Past introductions could have targeted c3 species in 
the north, and c4 species in the south. consistent with this, 
Isbell and Wilsey (2011a) found that c3 species and not c4 
grasses were overyielders in a common garden study in the 
northern Plains. establishing exotic versus native common 
garden experiments at multiple sites along latitudinal gra-
dients would help to address mechanisms associated with 
shifts to a dominant photosynthetic mode.
biodiversity loss is sometimes considered a component 
of global change (Isbell et al. 2011; reich et al. 2012). Our 
results imply that loss of natives and additions of exotics 
to landscapes have fundamentally altered grassland attrib-
utes at regional scales (Wardle et al. 2011; barnosky et al. 
2012). In particular, additions of multiple exotic species 
into grassland systems in the Great Plains have resulted in 
greatly decreased site-level diversity, and altered latitudi-
nal trends in c3:c4 proportions and productivity. Models of 
c3/c4 distribution (e.g., epstein et al. 1997; Tieszen et al. 
1997; von Fischer et al. 2008; edwards et al. 2010) should 
be revisited to account for effects associated with exotic 
species dominance. This will be important when predict-
ing responses of vegetation to climate change, feedbacks to 
element cycles and climate (e.g., collatz et al. 1998; sala 
et al. 2000), anthropogenic alteration of 13c/12c ratios in 
plant and animal remains (edwards et al. 2010; ellis 2011), 
and phenology (Wilsey et al. 2011; Fridley 2012). based 
on this, we maintain that native-exotic status of grasslands 
should figure prominently in future projections.
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Online Resource 1:  The relationship between species diversity and proportion of C3 species 
biomass for native and exotic grassland sites sampled across the latitudinal gradient.  
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Online Resource 2: 
 
MEND (Maintenance of exotic and native diversity) Irrigation Study (Wilsey et al. 2011, Isbell 
et al. 2011) utilized 9-species mixtures and monocultures to test hypotheses (Figure 1).  
Experimental design was four species draws within 2 blocks (Block 1 planted in October 2007 or 
Block 2 in March 2008) x 2 origins (either all native or all exotic species) x 2 irrigation 
treatments (summer irrigated with 128 mm from July 15 to August 15 of each year) x 2 
replicates = 64 mixture plots.  Plots were planted so that species were paired as described below 
in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Exotic Mixtures   Native Mixtures 
 
Draw 1 (Block 1) 
Cynodon dactylon    Buchloe dactyloides    
Eragrostis curvula   Sporobolus asper 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Taraxacum officinale   Marshallia caespitosa 
Cichorium intybus   Vernonia baldwinii 
Lotus corniculatus   Dalea purpurea 
 
Draw 2 (Block 1) 
Cynodon dactylon   Buchloe dactyloides  
Eragrostis curvula   Sporobolus asper 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Dactylus glomerata   Nasella luecotricha 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 
Nepata cataria   Salvia azurea 
Medicago sativa   Desmanthus illinoensis 
 
Draw 3 (Block 1) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Cichorium intybus   Vernonia baldwinii 
Leucanthemum vulgare  Ratibida columnifera 
Coronilla varia   Astragalus canadensis 
 
Draw 4 (Block 1) 
Cynodon dactylon   Buchloe dactyloides  
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Eragrostis curvula   Sporobolus asper 
Dactylus glomerata   Nasella luecotricha 
Taraxacum officinale   Marshallia caespitosa 
Ruellia brittoniana   Ruellia humilis 
Nepata cataria   Salvia azurea 
Trifolium repens   Dalea candidum 
 
 
Draw 5 (Block 2) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Paspalum dilatatum   Eriochloa sericea 
Panicum coloratum   Panicum virgatum 
Dactylus glomerata   Nasella luecotricha 
Taraxacum officinale   Marshallia caespitosa 
Cichorium intybus   Vernonia baldwinii 
Nepata cataria   Salvia azurea 
Medicago sativa   Desmanthus illinoensis 
 
Draw 6 (Block 2) 
Cynodon dactylon   Buchloe dactyloides 
Bothriochloa ischaemum  Schizachyrium scoparium 
Panicum coloratum   Panicum virgatum 
Eragrostis curvula   Sporobolus asper 
Festuca arundinacea   Elymus canadensis 
Marrubium vulgare   Monarda fistulosa 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 
Trifolium repens   Dalea candidum 
 
Draw 7 (Block 2) 
Sorghum halapense   Sorghastrum nutans 
Bothriochloa ischaemum  Schizachyrium scoparium 
Panicum coloratum   Panicum virgatum 
Eragrostis curvula   Sporobolus asper 
Festuca arundinacea   Elymus Canadensis 
Taraxacum officinale   Marshallia caespitosa 
Leucanthemum vulgare  Ratibida columnifera 
Ruellia brittoniana   Ruellia humilis 
Coronilla varia   Astragalus canadensis 
 
Draw 8 (Block 2) 
Cynodon dactylon   Buchloe dactyloides 
Sorghum halapense   Sorghastrum nutans 
Paspalum dilatatum   Eriochloa sericea 
Eragrostis curvula   Sporobolus asper 
Dactylus glomerata   Nasella luecotricha 
Marrubium vulgare   Monarda fistulosa 
Cichorium intybus   Vernonia baldwinii 
Nepata cataria   Salvia azurea 
Lotus corniculatus   Dalea purpurea 
 
 
 
Table 1.  List of species used in the experiment.  All species are already present in the Texas 
flora (Diggs et al. 1999). Nine-species plots were planted with random draws from the following 
list of C4 grasses, C3 grasses, C3  forbs, and C3 leguminous forbs, with all functional groups 
represented in each plot.  Exotic and native species were paired based on phylogeny and growth 
form.  Only four C3 grass species were used due to their paucity in the system. 
______________________________________________________________________________ 
Exotic species               Family            Origin                 Native species pair                       
______________________________________________________________________________ 
C4 grasses:    
Bothriochloa ischaemum1,2,6 Poacae Asia Schizachyrium scoparium2,4,5 
Cynodon dactylon1 Poacae Africa Buchloe dactyloides1 
Eragrostis curvula6 Poacae Africa Sporobolus asper1,2 
Panicum coloratum6 Poacae Africa Panicum virgatum (short ecotype) 4 
Paspalum dilatatum1 Poacae South America Eriochloa sericea4 
Sorghum halapense1,2 Poacae Mediterranean Sorghastrum nutans1,2,4 
    
C3 grasses:    
Dactylus glomerata6 Poacae Europe Nasella luecotricha1 
Festuca arundinacea6 Poacae Europe Elymus canadensis4,5 
    
C3 Forbs:    
Leucanthemum vulgare6 Asteraceae Eurasia Ratibida columnifera4,5 
Taraxacum officinale1 Asteraceae Europe Marshallia caespitosa7 
Cichorium intybus6 Asteraceae Eurasia Vernonia baldwinii4.7 
Nepata cataria6 Lamiaceae Eurasia Salvia azurea2,4 
Ruellia brittoniana7 Acanthaceae Mexico Ruellia humilis6 
Marrubium vulgare6,7 Lamiaceae Eurasia Monarda fistulosa4,7 
    
C3 Leguminous forbs:    
Lotus corniculatus6 Fabaceae Eurasia Dalea purpurea3,4 
Trifolium repens6 Fabaceae Europe Dalea candidum4 
Medicago sativa6 Fabaceae Asia Desmanthus illinoensis4 
Coronilla varia6 Fabaceae Mediterranean Astragalus canadensis6 
______________________________________________________________________________ 
Propagule sources: 
1 Field collected vegetative 2 Field collected seed 
3‘Wildseed Farms’ seed  4‘Native American Seed Co.’ seed 
5 Field collected seed from ‘Sweet Briar Nursery’ 6 Other company seed 
7 Other company, vegetative 
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